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A Hypervariable Microsatellite Revealed by In Vitro
Amplification of a Dinucleotide Repeat within the
Cardiac Muscle Actin Gene
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Summary

The human genome contains approximately 50,000 copies of an interspersed repeat with the sequence

(dT-dG)n, where n = "\10-60. In humans, (TG)n repeats have been found in several sequenced regions.
Since minisatellite regions with larger repeat elements often display extensive length polymorphisms, we

suspected that (TG)n repeats ("microsatellites") might also be polymorphic. Using the polymerase chain
reaction to amplify a (TG)n microsatellite in the human cardiac actin gene, we detected 12 different allelic
fragments in 37 unrelated individuals, 32 of whom were heterozygous. Codominant Mendelian inheritance
of fragments was observed in three families with a total of 24 children. Because of the widespread distri-
bution of (TG)n microsatellites, polymorphisms of this type may be generally abundant and present in
regions where minisatellites are rare, making such microsatellite loci very useful for linkage studies in
humans.

Introduction

The human genome contains approximately 50,000
copies of an interspersed repeat with the sequence (dT-
dG)n, where n = ".10-60 (Miesfeld et al. 1981; Hamada
et al. 1982b). In humans, (TG)n repeats have been found
in several sequenced regions, including the IB-globin gene
cluster (Miesfeld et al. 1981), the cardiac actin gene
(Hamada et al. 1982a), and the somatostatin gene (Shen
and Rutter 1984). Since minisatellite regions with larger
repeat elements often display extensive length polymor-
phism as variable numbers of tandem repeats (VNTR)
(Jeifreys et al. 1985; Nakamura et al. 1987), we sus-
pected that (TG)n repeats ("microsatellites") might also
be polymorphic. Such polymorphisms, if they exist,
would probably comprise alleles differing in length by
only a few base pairs and would therefore not be de-
tectable by conventional Southern blotting. However,
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use of the polymerase chain reaction (PCR) (Saiki et
al. 1988) with single-copy primers flanking (TG)n
repeats would allow detection of microsatellite VNTRs.
As a test of this idea, we chose to study the human
cardiac muscle actin gene locus. This locus, previously
mapped to 15qll-qter (Gunning et al. 1984), contains
a (TG)n microsatellite within the fourth intron (Hamada
et al. 1982a).

Methods

Genomic DNAs were prepared as described elsewhere
(Litt and White 1985) by using white blood cells or
lymphoblast cell lines. Cell lines from Utah reference
families were provided by the Coriell Institute for Med-
ical Research. The plasmid pCM 0.9-IV, with a 900-
bp PstI insert containing part of intron IV, exon 5, and
part of intron V of the cardiac muscle actin gene, was
kindly provided by Dr. T. Kakunaga.
With the published sequence as a guide (Hamada

et al. 1982a), 20 nt primers flanking the cardiac mus-
cle actin (TG)n repeat were synthesized on an Applied
Biosystems Model 380A DNA synthesizer and purified
on a 12% denaturing acrylamide gel: primer 635-
TTGACCTGAATGCACTGTGA and primer 636-
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TTCCATACCTGGGAACGAGT. Primer preparations
were analyzed by electrophoresis on a standard DNA
sequencing gel after 5' end labeling with polynucleo-
tide kinase and [X32P]ATP, and each was shown to con-
tain a single fragment with <5% contamination by frag-
ments of other than the expected size. Amplifications
of 250-ng samples of genomic DNA were performed
using the thermostable TaqI DNA polymerase and ad-
ditional reagents supplied in the GeneAmpTm kit (Per-
kin Elmer-Cetus, Norwalk, CT). Reaction mixtures
were prepared according to the instructions of the
manufacturer, except that the total volume was de-
creased to 25 il and 3-5 iCi of a-[32P]dCTP was in-
cluded in each reaction tube. Thirty-seven cycles of am-
plification were performed manually with denaturation
for 1 min at 90'C-920C, annealing for 2 min at 550C,
and primer extension for 2 min at 721C. Aliquots of
amplified samples were run in alternate lanes of a DNA
sequencing gel. Gels were autoradiographed for 1-3 d,
usually without intensifying screens. Fragment sizes
were measured relative to size standards consisting of
end-labeled Sau3A fragments ofpBR322 and/orDNA
sequence ladders derived from a known sequence.
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For colony hybridization, 95 cosmids were randomly
picked from a human genomic library in the cosmid
vector Kos 1 (Maniatis et al., 1982 p. 50), kindly
provided by Ed Fritsch. Poly (dG-dT) * poly (dA-dC)
(Pharmacia) was nick-translated and used to probe
colony filters (Grunstein and Hogness 1975) contain-
ing these cosmids. Hybridization was performed over-
night at 65°C in 0.5M sodium phosphate pH 7.0, 7%
(w/v) SDS, 1% (w/v) BSA (Church and Gilbert 1984;
note that this solution lacks nonradioactive DNA).
Filters were washed at a maximum stringency of 0.1
x SSC/0.1% SDS at 55°C.

Results

Figure 1 shows an autoradiogram of a sequencing
gel used to resolve fragments amplified from genomic
DNAs from members of a 3-generation Utah family
(K1329). Each lane contains one or two relatively in-
tense "major" bands, each of which is closely associated
with a cluster of up to eight less-intense minor bands
spaced at 1-nt intervals. Considering that each of the
major bands represents an allele, condominant Men-
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Figure I Autoradiograph ofDNA sequencing gel illustrating inheritance of a PCR-amplified microsatellite in a portion of Utah family
K1329. The samples are identified by the pedigree shown above the autoradiograph. The leftmost four lanes are DNA sequencing ladders
prepared from a template of known sequence. Lanes marked M contain Sau3A-digested pBR322.
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delian inheritance is observed in the family shown in
figure 1. We have also observed codominant Mendelian
inheritance of five alleles segregating in an additional
3-generation family with 15 children (data not shown).
Table 1 shows the sizes and frequencies of the 12 alleles
so far detected in a study of 37 unrelated Caucasian
individuals. Using these allele frequencies, we calcu-
late a PIC (Botstein et al. 1980) of .86. As expected
for a VNTR polymorphism involving a dinucleotide
repeat, all allelic fragments contain even numbers of
nucleotides.
To study the distribution of (TG)n microsatellites in

the human genome, we used poly (dG-dT) - poly (dA-
dC) to probe a colony filter containing 95 cosmids (with
inserts ranging from 35 to 45 kb) from a random hu-
man genomic library (fig. 2). Forty (42%) of the 95
cosmids gave strong signals. Comparison of this result
with the observation (Miesfeld et al. 1981; Hamada
et al. 1982b) that 20% of bacteriophage in a human
genomic library (with inserts ranging from 12 to 22
kb; Lawn et al. 1978) hybridizes with poly (dG-dT -

poly (dA-dC) confirms that (TG)n repeats are distributed
very widely in the genome, with little tendency to clus-
ter. These data also suggest that, in contrast to minisatel-
lite VNTRs, which tend to be underrepresented in the
Maniatis Charon 4A library compared with cosmid
libraries (Nakamura et al. 1987), microsatellite VNTRs
are equally represented in both types of genomic
libraries.
The minor bands associated with allelic fragments

in gels such as those of figure 1 could arise owing to
impurities in the primers used for PCR. However, anal-

Figure 2 Colony hybridization of 95 random human genomic
cosmids with poly (dG-dT) * poly (dA-dC).

ysis of 5'-end-labeled primers on a DNA sequencing
gel showed that fragments of sizes other than the ex-
pected 20 nt were not present in sufficient amounts to
account for the generation of minor bands (data not
shown). These bands may result from some artifact,
such as slippage during PCR amplification, or they
could reflect microheterogeneity in the lengths of (TG)n
blocks in vivo. The former explanation is strongly sup-
ported by our observation that PCR amplification of
the cloned cardiac actin microsatellite within the pCM
0.9-IV insert gives rise to a cluster of bands that appear
very similar to the clusters seen when genomic DNA
is amplified (data not shown). Since the same clone
yielded an unambiguous DNA sequence (Hamada et
al. 1982a), the variations in size which gave rise to this
cluster must have occurred during the PCR amplifica-
tion of the cloned DNA.

Table I

Sizes of Allelic Fragments and Their Frequencies

Size
(nt) No. Observed Frequency

96 ...... 1 .014
92 4 .054
90 ...... 10 .135
88 ...... 7 .095
86 16 .216
84 ...... 3 .041
82 15 .203
80 1 .014
74 1 .014
72 ...... 8 .108
70 ...... 6 .081
68 ...... 2 .027

Discussion

As in the case of minisatellite VNTRs, (TG)n micro-
satellite polymorphisms may originate from unequal
meiotic exchanges (Jeffreys et al. 1985) or from slip-
page during replication (Kornberg 1980). It has been
reported that (TG)n repeats promote reciprocal ex-
change and generate unusual recombinant tetrads dur-
ing yeast meiosis (Treco and Arnheim 1986).
With rare exceptions, family studies of late-onset dis-

eases, such as Alzheimer disease, are difficult to per-
form because most affected individuals lack living par-
ents and are members of small sibships. However, given
a sufficient density of highly informative polymor-
phisms, linkage studies utilizing analytical methods such
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as the affected-sib-pair (Penrose 1953; Goldin and Ger-
shon 1988) or affected-relative (Weeks and Lange 1988)
method would become generally applicable. VNTR loci
are especially useful, because their full information con-
tent is available without haplotyping. In contrast, opti-
mum exploitation ofcompound loci, consisting of sets
of closely linked site polymorphisms, requires haplo-
typing, usually not feasible in small sibships that lack
living parents. Unfortunately, previously described hy-
pervariable VNTR loci tend to be biased in their distri-
bution, with a tendency to localize in telomeric bands
(Royle et al. 1987; Nakamura et al. 1988). Hence, there
is an urgent need for additional hypervariable VNTRs
that are broadly distributed throughout the genome.
The abundance and apparently high degree of disper-
sion of (TG)n microsatellites and the high information
content of the cardiac muscle actin microsatellite, the
first such locus tested for genetic polymorphism, sug-
gest that these loci may satisfy the need for widely dis-
tributed highly informative VNTRs. In future studies
we plan to address the issues of the frequency and dis-
tribution of highly polymorphic microsatellite VNTRs
in the human genome.
While the present paper was being reviewed, we be-

came aware of a preliminary report describing similar
studies by Weber and May (1988). These authors charac-
terized 12 (TGY)n microsatellites and found them all to
be polymorphic, with an average PIC of .55. They also
made the original observation that PCR could be used
to reveal polymorphism of (TG)n repeats in the genes
for insulin-like growth factor I, opsin, apolipoprotein
All, and somatostatin I (J. L. Weber, personal commu-
nication).
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